Despite substantial differences between species in the organization and elaboration of the cortical dopamine
The atypical antipsychotic drug clozapine (Clozaril) displays a unique clinical profile among drug therapies for schizophrenia. It is effective at alleviating psychosis in patients whose illness does not respond to typical antipsychotic drug therapies such as haloperidol (Haldol) and chlorpromazine (Thorazine) (Kane et al. 1988 ).
Clozapine rarely produces extrapyramidal side effects, such as tardive dyskinesia, associated with classic neuroleptic treatment (Kane et al. 1993) , and it may alleviate the negative symptomatology of schizophrenia (Kane et al. 1988; Lee et al. 1994) .
Traditionally, the property of antipsychotic drugs that correlates most closely with clinical efficacy is their ability to act as antagonists at the dopamine D 2 receptor subtype (Creese et al. 1977) . However, clozapine displays a relatively low affinity for the D 2 receptor (Seeman et al. 1976) and also for the D 1 receptor (Machida et al. 1992) despite its superlative clinical effects. Among dopamine receptors, clozapine shows a much higher affinity and preference for the D 4 receptor (van Tol et al. 1991 ).
Clozapine's unique clinical profile may relate to a regional specificity of action. In fact, clozapine and haloperidol have distinct effects on dopaminergic neurotransmission in the rodent brain, which may relate to the two drugs' differing therapeutic profiles. Acute systemic administration of clozapine increases dopamine release to a greater extent in the prefrontal cortex than in subcortical areas (Moghaddam and Bunney 1990; Pehek et al. 1993) . Also, chronic treatment with clozapine increases the resting extracellular dopamine concentration in the medial prefrontal cortex (Yamamoto and Cooperman 1994; Youngren et al. 1994) . In contrast, acute haloperidol preferentially increases subcortical dopamine release, and chronic treatment with haloperidol is without effect on the extracellular concentration of dopamine in the prefrontal cortex (Yamamoto and Cooperman 1994 ).
The neurochemical evidence described above was obtained entirely from studies conducted in rodents. Important differences in the dopaminergic innervation of the rodent and primate cortex (Berger et al. 1991 ) and the evolution of new areas of prefrontal cortex in primates (Preuss and Goldman-Rakic 1991) warrant the investigation of antipsychotic drug effects in the primate brain. Thus, in the enlarged, regionally specialized primate frontal lobe, we sought to determine whether responses to antipsychotic drugs are conserved between species.
Accordingly, the present study examined the effects of acute antipsychotic drug treatment on extracellular concentrations of dopamine in discrete cortical and subcortical brain regions in the rhesus monkey. For this purpose, we developed a chronic implant technique, similar to that of Kolachana et al. (1994) , that allowed us to make repeated measures over two or more years. This enabled the comparison of the effects of acute clozapine and haloperidol on neurotransmitter levels in dorsolateral prefrontal cortex, medial prefrontal cortex, premotor cortex, and caudate nucleus, all of which are locations of dopamine terminal fields.
MATERIALS AND METHODS

Subjects
Three young adult male rhesus macaque monkeys ( Macaca mulatta ) weighing between 8 and 14 kg were used. Monkeys were housed individually with a 12-h light ր dark cycle. Food and water were available ad libitum . Care and use of the animals were in strict compliance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals (1987) . For each monkey, the interval between two same drug studies was a minimum of 5 weeks, with the interval often being longer. The interval between two different drug studies within a subject was a minimum of 10 weeks. Over the two or more years of experimentation that these subjects underwent, no major systemic or local infections developed due to the chronic implants. The subjects displayed good overall health throughout the experimental period.
Magnetic Resonance Imaging
Magnetic resonance (MR) imaging was employed to produce a stereotaxic map of each animal according to the methods of Wang et al. (1990) . MR imaging was performed using a General Electric Signa MR (Milwaukee, WI) unit operating at 1.5 Tesla. Images were obtained in three planes using a spoiled-gradient echo sequence with a repetition time of 25 ms, and an echo time of 6 ms. Slice thickness was 1 mm. The field of view was 14 cm with two excitations with 128 phase encode steps. Images were constructed using a 2-dimensional Fourier transform and were displayed in a 256 ϫ 192 matrix with a pixel size of 0.55 mm ϫ 0.73 mm.
Each animal was restrained initially with ketamine (5-10 mg ր kg I.M.) and atropine sulfate (0.2 mg ր kg I.M.), then anesthetized with sodium pentobarbital (10-15 mg ր kg I.V.), and placed in a custom-made stereotaxic instrument constructed of MR-compatible fiberglass laminate resin. A custom-made tooth marker was aligned with amalgam fillings previously attached to the animal's maxillary dentitia, and measurements were recorded in three planes to accurately reposition the animal in the stereotaxic instrument at the time of surgery. Coordinates for intended target sites were determined using the image analysis software provided with the MR unit. Anterior-posterior measurements were made by determining the distance between the reference points (mineral oil) in the ear bars and the target site, as seen on coronal images. Left-right measurements were made by determining the distance between the target site and the midline of the brain, as seen on coronal images.
Guide cannulae for microdialysis probes consisted of 19 gauge thin-wall stainless steel tubing (Small Parts, Miami Lakes, FL) glued into the base of black nylon plug ր receptacle assemblies (Newark Electronics, Windsor, CT). Each base provided two parallel rows of cannulae (either 5 ϩ 4 or 9 ϩ 8) with a total number of 9 or 17 cannulae, respectively, per base. Cannulae were 1.25 mm in diameter and 2.5 mm center-to-center apart. Rows of cannulae were 2.2 mm center-to-center apart. These cannula assemblies were outfitted with removable nylon tops with 23 gauge stainless steel wire stylets (22 mm length) glued in place. Individual stylets kept the cannulae patent between procedures on a given animal. Assemblies containing 9 cannulae were used bilaterally to target the principal sulcus. Assemblies containing 17 cannulae were used bilaterally to target the medial prefrontal and premotor cortices, as well as deeper structures, such as the caudate nucleus and putamen.
Surgery
All surgery, implanting of guide cannulae, and microdialysis procedures were carried out under aseptic conditions. For surgery, animals were restrained with ketamine and atropine, as above, and anesthetized with sodium pentobarbital (10-15 mg ր kg I.V. initially) for the duration of the procedure. The animal was placed in the same custom-made stereotaxic instrument used in MR imaging. For each cannula implantation site, a trephine was used to make the initial opening. Rongeurs then were used to enlarge the opening to the size appropriate for the guide assembly to be used. Guide cannula assemblies were fixed to the skull using dental acrylic cement and stainless steel skull screws. Blunt-tip stainless steel wires were placed into each guide cannula and marked at the entry point to the cannula to determine, for each cannula, a measurement of the distance from the top of the cannula to dura mater. Implant tops with stainless steel wire stylets were then fixed to each implant base using fixed bolts and removable nuts.
Microdialysis Procedure
Before each microdialysis session, animals were restrained with ketamine and atropine, as above; then isoflurane gas anesthesia (1.5-2.0%) was administered. Animals were intubated and placed in a stereotaxic instrument. Implant top assemblies were removed, and the guide cannulae were exposed. Stainless steel needles (22 or 23 gauge) were used to puncture the dura mater over individual probe target sites. Sterile concentric dialysis probes, with an outer diameter of 330 m, and an exposed membrane tip of 2.5-3.5 mm in length were used. Probes were not tested for in vitro recovery. In most experimental sessions, five microdialysis probes were used: Four probes targeted the prefrontal cortical regions and were distributed between the two hemispheres. In one hemisphere, one probe targeted the principal sulcus, while another probe targeted the medial prefrontal cortex. In the other hemisphere, one probe targeted the principal sulcus, while another probe targeted the premotor cortex. In one of the hemispheres, one probe also targeted the caudate nucleus or the putamen. Probes were perfused with artificial cerebrospinal fluid (145 mM NaCl, 2.7 mM KCl, 1.2 mM CaCl 2 , and 1.0 mM MgCl 2 ). All solutions passed through a 0.2 m syringe filter (Gelman Sciences, Ann Arbor, MI) before entering the microdialysis probe. Once probes were in position within the brain, they were perfused continuously at a rate of 2 L ր min. After 1 h, sample collection began. Samples were collected every 20 min and frozen on dry ice until assay by high performance liquid chromatography with electrochemical detection (HPLC-EC). Samples were assayed for dopamine on the same day. Dopamine content in dialysis samples was determined by HPLC-EC as described in Moghaddam et al. (1993) . Measurable baseline concentrations of dopamine were not always obtained from every probe site. This may have been due to probe placement and, at times, was due to probe malfunction or breakage. At any point during an experiment, when flow through a probe was compromised, the probe was disconnected, and no further dialysis was performed through that probe.
After a minimum of 2 h of baseline collections, clozapine (2.0 mg ր kg I.V.) or haloperidol (0.5 mg ր kg I.V.) was administered. Clozapine was dissolved in a minimum amount of 0.1 N HCl, and this solution was added to sterile injectable saline. Then 0.1 N NaOH was added to this solution to raise the pH to approximately 6.0-6.5. Sterile injectable haloperidol (McNeil Pharmaceuticals, Spring House, PA) was diluted in an equal volume of sterile injectable saline. Drug solutions were injected I.V. using a 0.2-m syringe filter as above. Following drug administration, sample collection continued for a minimum of 2 h. Throughout microdialysis procedures, the animal's breathing, heart rate, EKG, core temperature, and concentration of anesthesia were monitored.
Sacrifice and Histology
At the time of sacrifice (2 to 3 years after surgical implantation), each animal was restrained with ketamine and atropine as above and then given an overdose ( ‫ف‬ 30-40 mg ր kg I.V.) of sodium pentobarbital. The animal was then perfused with saline followed by 4% paraformaldehyde, and the brain was removed. Later, the brain was blocked and prepared for histology.
Postmortem analysis of coronal sections (40 m thickness) of the rhesus monkey brain stained with cresyl violet for probe placement verification demonstrated clear probe tracks extending into all brain regions targeted, both cortical and subcortical areas. In this example (Figure 1 ), the probe track extends along the ventral bank of the principal sulcus. Figure 2A shows the exterior of the left hemisphere of the brain from one subject. The blackened dots aligned in two parallel rows over the banks of the principal sulcus (Walker's area 46) represent the locations of cannula ր probe implantation sites. The coronal MR image ( Figure 2B ) shows how the two banks of the principal sulcus were targeted for cannula implantation. An example of the guide cannulae used is shown in Figure 2C .
Data Analysis
The effects of drug treatment in each region were determined through the use of one-way repeated measures ANOVA applied to the absolute concentrations of dopamine (fmol ր L dialysate, not corrected for in vitro recovery). Significant main effects were analyzed further by using the Tukey posthoc comparison of means. To examine differences between brain regions, the data were log transformed to reduce variance due to different baseline dopamine concentrations, and two-way re-peated measures ANOVA was used to compare levels in response to drug administration. A p value of Յ .05 was taken to be significant. To compare the cumulative effects of drugs across the 2-h sampling period (% area under the curve), the Mann-Whitney U-test was used. For comparison purposes, data are presented as a percentage of the mean of three consecutive basal values collected immediately preceding drug administration.
RESULTS
Baseline Dopamine Concentrations
Basal extracellular concentrations of dopamine were measured reliably in the caudate nucleus, the putamen, and in several frontal cortical regions, including the dorsolateral prefrontal cortex (Walker's area 46, principal sulcus), medial prefrontal cortex (Walker's areas 8 and 9), and premotor cortex (Walker's area 6). Table 1 shows the basal concentrations of dopamine in dialysate for these discrete brain regions during those experiments in which measurable baseline was obtained. These basal levels constitute the sum results from the current studies as well as other drug studies conducted in the same animals. Dialysate concentrations of dopamine ranged from 0.11 to 0.15 fmole ր L in the cortical regions (Table 1) , whereas these levels were much higher in the caudate nucleus and the putamen, at 1.10 and 1.30 fmole ր L, respectively.
Effect of Systemic Clozapine and Haloperidol on Dopamine Release
Clozapine and haloperidol were injected 3-4 h after probe implantation. As illustrated in Figure 3A , 2.0 mg ր kg I.V. clozapine produced a significant and long-lasting increase in extracellular dopamine to nearly 225% of baseline levels in the principal sulcus (F (10,88) ϭ 4.74, p Ͻ .001). Posthoc comparison of the data demonstrated that this increase remained significantly above baseline concentrations 2 h after drug injection, at which time the experiment was terminated. Clozapine also produced a significant increase in extracellular dopamine to 170% of baseline levels in the caudate nucleus (F (8,72) ϭ 12.02, p Ͻ .001, Figure 3B ) that remained elevated above baseline for the duration of the experiment. A comparison of the effects of clozapine in the principal sulcus and caudate by two-way repeated measures ANOVA indicated that clozapine increased extracellular dopamine levels to a greater degree in the principal sulcus than in the caudate nucleus (F (5,90) ϭ 2.53, p Ͻ .05). On a few occasions, sampling continued for 3-4 h after drug injection. On these occasions, the elevated concentrations of dopamine in both the principal sulcus and the caudate nucleus returned to levels at or near predrug baseline. There was no significant increase in dopamine release in response to clozapine in both medial prefrontal cortex ( Figure 4A , areas 8 and 9) and premotor cortex ( Figure 4B, area 6 ). This is most likely due to the limited sampling groups for these two regions. All of the clozapine response data are taken from repeated sampling in three subjects. No inconsistencies in the responses of extracellular dopamine concentration to clozapine administration were found within individual subjects over time.
The effect of haloperidol (0.5 mg ր kg IV) on dopamine release in the principal sulcus was assessed during three separate experiments where reliable baseline dopamine was detected. As can be seen in Figure 5A , haloperidol produced highly variable results in this region. In the caudate nucleus, haloperidol produced a significant increase in the extracellular concentration of dopamine (F (4,40) ϭ 2.27, p Ͻ .05), which lasted for 1 h following drug administration ( Figure 5B ). The haloperidol response data are taken from repeated sampling in two subjects (principal sulcus) or three subjects (caudate nucleus). No inconsistencies in the responses of extracellular dopamine concentration in the caudate nucleus to haloperidol administration were found within individual subjects over time. Figure 6 illustrates the cumulative increase in dopamine above baseline concentrations (% area under the curve) for the 2-h sampling period following drug administration. As apparent from this analysis, clozapine, but not haloperidol, had a profound effect in the principal sulcus, whereas both haloperidol and clozapine, at the doses tested, increased dopamine release in the caudate nucleus.
DISCUSSION
Assessment of Baseline Extracellular Dopamine
This is the first report of measures of extracellular levels of dopamine in discrete regions of the prefrontal and frontal cortices in a chronic preparation of a nonhuman primate. The resting basal levels of dopamine measured in these regions show a rough correspondence to the differing levels of dopaminergic innervation of the frontal cortex (Williams and Goldman-Rakic 1993) . Given that probe placements in the premotor cortex (area 6) were located more laterally (6d) than medially, extracellular concentrations of dopamine in medial prefrontal cortex (areas 8m and 9m) were higher than in the premotor cortex. We found the lowest levels of dopamine in the principal sulcus (area 46). Our mea- two parallel rows of cannulae. These cannula assemblies were outfitted with removable nylon tops with 23 gauge stainless steel wire stylets (22 mm length) glued in place. The larger assembly ( left ) was used bilaterally to target more medial structures, such as the medial prefrontal and premotor cortices, as well as the caudate nucleus and the putamen. The smaller assembly ( right ) was used bilaterally to target the principal sulcus. sures of extracellular dopamine followed this order: 8m and 9m Ͼ 6d Ͼ 46. As expected, extracellular concentration of dopamine was much greater in the caudate and putamen than in the cortical regions.
Differential Effects of Clozapine in Cortex and Striatum
The present results show that the atypical antipsychotic drug, clozapine, exerts preferential effects on dopamine release in the principal sulcus of the rhesus monkey in comparison to the caudate nucleus. These results complement those studies done in the rodent, in which acute clozapine administration has been shown to produce greater increases in dopamine release in prefrontal cortex than in subcortical areas (Moghaddam and Bunney 1990; Pehek et al. 1993) . Furthermore, studies in the rodent have demonstrated that the increase in dopaminergic output persists with chronic clozapine treatment, in that resting basal levels of dopamine are elevated in the prefrontal cortex, but not in subcortical regions, in response to chronic clozapine administration (Yamamoto and Cooperman 1994; Youngren et al. 1994) . Taken together, the above findings suggest that activation of dopamine release in the prefrontal cortex might be an important component in the effectiveness of clozapine treatment. In comparing results in the 
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A similar result was seen in the premotor cortex (area 6, p ϭ .11). The clozapine response data are taken from repeated sampling in three subjects. monkey with those in the rodent, it is useful to consider possible homology between cortical regions of the two species. Functionally, the integrity of both the rat medial prefrontal cortex and the monkey dorsolateral prefrontal cortex is necessary for proper functioning of spatial working memory in the two species. Although the rat medial prefrontal cortex can be said to share some anatomical characteristics with the dorsolateral and medial prefrontal (as well as premotor) cortices of the monkey, clearly these areas become more specialized and elaborate in the monkey. Due to a lack of segregation of function in the rat medial prefrontal cortex, it is therefore difficult to posit direct homology of cortical regions between the rat and primate [see Uylings and van Eden (1990) for review].
An important issue remains: the mechanism by which clozapine exerts a preferential effect on extracellular dopamine concentrations in the prefrontal cortex compared to the caudate nucleus or striatum. A recent study of the regulatory effect of chronic antipsychotic drug treatment on dopamine receptors in rhesus monkeys has shown that clozapine is capable of upregulating cortical D 2 receptors (Lidow and Goldman-Rakic 1994) and D 2 mRNAs, although it has little effect on D 2 receptor mRNAs in the striatum (Lidow et al. 1997 ). However, considering the different profile observed with the D 2 antagonist haloperidol, it is more likely that other receptors for which clozapine has moderate to high affinity (Ashby and Wang 1996) are responsible for clozapine's cortical dopamine effects.
A possible mechanism that may contribute to clozapine's stimulatory effects on prefrontal cortex dopamine involves activation of 5-HT 1A receptors. Clozapine is a relatively potent partial 5-HT 1A agonist, and pretreatment with the selective 5-HT 1A antagonist WAY 100635 reduces the increase in rat cortical dopamine release caused by clozapine (Rollema et al. 1997 ). This mechanism is consistent with preferential activation of dopamine turnover in the rat prefrontal cortex by 5-HT 1A agonists (Rasmusson et al. 1994) .
Recent data have suggested that blockade of 5-HT 2A receptors may also contribute to clozapine's effects in the prefrontal cortex. The 5-HT 2A receptor antagonists MDL 100907, amperozide, and ritanserin preferentially increase dopamine release in the prefrontal cortex in comparison to the striatum when given systemically or infused locally into the prefrontal cortex in the rodent (Pehek et al. 1993; Schmidt and Fadayel 1995; Pehek 1996) . The recent anatomical localization of 5-HT 2A receptors to both pyramidal neurons and to a subset of GABAergic interneurons in the primate (Jakab and Goldman-Rakic 1998) , and the physiological involve- ment of this receptor in neurons engaged in working memory processes (Williams et al. 1996 ) make this possibility very intriguing.
Another related mechanism that may play a role in clozapine's preferential effects on prefrontal cortex dopamine may involve the convergence of 5-HT 2A and D 4 inputs to the GABAergic interneurons of the cortex (Mrzljak et al. 1996) . Blockade of 5-HT 2A and D 4 receptors by clozapine may produce a synergistic effect to reduce the activity of cortical GABA neurons. This will result in feedforward disinhibition of cortical pyramidal neurons and enhancement of glutamatergic transmission both within the prefrontal cortex and in targets of prefrontal cortex neurons, such as the ventral tegmental area. Indeed, clozapine decreases GABA release (Bourdelais and Deutch 1994) and increases glutamate efflux (Daly and Moghaddam 1993; Yamamoto and Cooperman 1994) in the prefrontal cortex.
Effects of Haloperidol
The present study demonstrates that haloperidol increases dopamine release in the caudate nucleus in a manner somewhat comparable to clozapine. However, haloperidol did not produce a consistent effect on cortical release of dopamine. The stimulation of dopamine release seen in the caudate nucleus is in agreement with a number of studies in the rodent in which haloperidol increased extracellular dopamine concentrations in dorsal and ventral striatal regions (Moghaddam and Bunney 1990; Yamamoto and Cooperman 1994) . Based on the current data, however, it cannot be said whether haloperidol produces a preferential effect on extracellular concentrations of dopamine in primate cortical or subcortical regions. Nevertheless, the lack of a consistent effect of haloperidol in the principal sulcus suggests that while shared pharmacological characteristics between haloperidol and clozapine, such as blockade of dopamine D 2 receptors, may account for increased dopamine release in the caudate, blockade of other receptors for which clozapine, but not haloperidol, has affinity are responsible for the dopamine release-activating effects of clozapine in the principal sulcus.
CONCLUSIONS
Considering that clozapine occupies only a subset (e.g., D 4 Ͼ D 1 ) of dopamine receptors in the prefrontal cortex at therapeutic doses (Seeman 1992) , clozapine administration may not result in appreciable postsynaptic blockade of dopaminergic neurotransmission within the cortex. The net effect of the preferential increase in dopamine release produced by clozapine in the principal sulcus of the primate would thus be an activation of cortical dopamine neurotransmission. It has been suggested that prefrontal cortical dopamine dysfunction may underlie some of the symptomatology of schizophrenia (Weinberger et al. 1986; Davis et al. 1991; Jentsch et al. 1997) . Therefore, clozapine may exert its unique therapeutic effects, in part, by counteracting a dopaminergic deficit in the prefrontal cortex.
Clozapine also potentiated dopamine release in the caudate nucleus; however, studies in the rodent have suggested that, upon chronic treatment with clozapine, enhancement of dopamine output is maintained only in the prefrontal cortex and not in subcortical regions (Yamamoto and Cooperman 1994; Youngren et al. 1994) . A sustained increase in cortical dopaminergic transmission may have crucial implications for activity in subcortical dopaminergic terminal field regions, such as the caudate nucleus and nucleus accumbens. Recent studies have shown that the prefrontal cortex regulates subcortical dopamine release in the rodent (Taber et al. 1995; Karreman and Moghaddam 1996) , and increased dopaminergic activity in the prefrontal cortex of primates and rodents reduces dopamine release in the striatum (Kolachana et al. 1995; Karreman and Moghaddam 1996; Saunders et al. 1998) . Therefore, sustained augmentation of prefrontal cortical dopamine neurotransmission by clozapine may normalize the hyperdopaminergic state postulated to be present in subcortical areas in schizophrenia. Through these concomitant effects, clozapine may alleviate the symptomatology of schizophrenia without the production of side effects common to typical antipsychotic drug therapies.
In summary, the present study demonstrates that, in the nonhuman primate, the atypical antipsychotic drug clozapine exerts preferential effects on dopamine release in the prefrontal cortex. These results provide support for the idea that clozapine exerts its therapeutic effects in part by increasing dopaminergic neurotransmission in the prefrontal cortex.
